Many eukaryotic microbes have complex lifecycles that include both sexual and asexual phases with strict species-specificity. While the asexual cycle of the protistan parasite Toxoplasma gondii can occur in any warm-blooded mammal, the sexual cycle is restricted to the feline intestine 1 . The molecular determinants that identify cats as the definitive 5 host for T. gondii are unknown. Here, we defined the mechanism of species specificity for T.
2 Abstract: Many eukaryotic microbes have complex lifecycles that include both sexual and asexual phases with strict species-specificity. While the asexual cycle of the protistan parasite Toxoplasma gondii can occur in any warm-blooded mammal, the sexual cycle is restricted to the feline intestine 1 . The molecular determinants that identify cats as the definitive 5 host for T. gondii are unknown. Here, we defined the mechanism of species specificity for T.
gondii sexual development and break the species barrier to allow the sexual cycle to occur in mice. We determined that T. gondii sexual development occurs when cultured feline intestinal epithelial cells are supplemented with linoleic acid. Felines are the only mammals that lack delta-6-desaturase activity in their intestines, which is required for linoleic acid metabolism, resulting 10 in systemic excess of linoleic acid 2, 3 . We found that inhibition of murine delta-6-desaturase and supplementation of their diet with linoleic acid allowed T. gondii sexual development in mice.
This mechanism of species specificity is the first defined for a parasite sexual cycle. This work highlights how host diet and metabolism shape coevolution with microbes. The key to unlocking the species boundaries for other eukaryotic microbes may also rely on the lipid composition of 15 their environments as we see increasing evidence for the importance of host lipid metabolism during parasitic lifecycles 4, 5 . Pregnant women are advised against handling cat litter as maternal infection with T. gondii can be transmitted to the fetus with potentially lethal outcomes. Knowing the molecular components that create a conducive environment for T.
gondii sexual reproduction will allow for development of therapeutics that prevent shedding of T. 20 gondii parasites. Finally, given the current reliance on companion animals to study T. gondii sexual development, this work will allow the T. gondii field to use of alternative models in future studies.
3 Main: The apicomplexan parasite Toxoplasma gondii causes a chronic infection in nearly one third of the human population and is well-known for causing congenital infections leading to blindness, mental retardation, and hydrocephaly of the developing fetus. T. gondii has a complex lifecycle containing both sexual and asexual phases. The T. gondii asexual cycle can occur in any 5 warm-blooded animal when contaminated food or water is consumed and T. gondii disseminates throughout the host, converting to an encysted form in muscle and brain tissue. In contrast, the T.
gondii sexual cycle is restricted to the feline intestinal epithelium, culminating in the excretion of environmentally resistant oocysts 1 . The molecular basis for this species specificity is unknown.
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To determine the molecular mechanisms that define the species specificity of T. gondii sexual development, we generated cat intestinal organoids ( Fig. 1a ), then seeded these epithelial cells onto glass coverslips. These monolayers displayed intestinal epithelial properties, including polarization and tight junction formation ( Fig. 1b ). To simulate natural infection, T. gondii was harvested from mouse brains 28-40 days after primary infection and the parasites were released 15 from the brain cysts by pepsin and acid digestion. After neutralization with sodium carbonate, parasites were seeded onto the cat intestinal monolayers, incubated for five days, and stained for markers of the parasite pre-sexual stage called a merozoite 6, 7 . While we observed occasional GRA11B and BRP1 staining, the vast majority of the culture was negative for these merozoite markers ( Fig. 1c ), suggesting that a required nutrient was limiting under these culture conditions.
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Because recent studies showed that the T. gondii asexual stages scavenge fatty acids, particularly oleic acid, from the host 8 and that sexual development of many fungi is dependent on linoleic acid 9 , we surmised that supplementation with these fatty acids could facilitate T. gondii sexual development. We added 200 µM oleic or linoleic acid to cat intestinal monolayer culture 4 medium 24 hours prior to infection with T. gondii. After 5 days of infection, we found that the addition of linoleic acid but not oleic acid caused approximately 35% of the T. gondii to express both merozoite stage markers ( Fig. 2a ). Similarly, GRA11B mRNA was significantly more abundant in cat intestinal cells supplemented with linoleic acid compared to any other condition 5 ( Fig. 2b ). As seen in vivo cat intestine, GRA11B changes localization from within the parasite dense granule organelles in the early stages of development to the parasitophorous vacuole and parasitophorous vacuole membrane in later stages of development 6 . We see similar localization of GRA11B depending on vacuole size, likely representing early, middle and late stages ( Fig. 1e g). BRP1 has previously been localized to the rhoptry organelles in the apical end of the 10 merozoite 7 , similar to the structures we see in figure 1e-g.
Within the feline intestine, merozoites are known to differentiate into micro-and macrogametes that fuse to become diploid oocysts. After 7 days of infection, we saw round structures with reactivity to the macrogamete protein AO2 10 in cat intestinal monolayers cultured with 200 µM 15 linoleic acid but not in unsupplemented or oleic acid-supplemented cultures ( Fig. 3a-c ). PCR of these day 7 linoleic acid supplemented cultures amplified message for AO2 as well as the predicted microgamete flagellar dynein motor protein TGME49_306338 with 44% identity to the homologue from the motile green alga Chlamydomonas reinhardtii (Fig. 3d ). In parallel, we assessed for the presence of intracellular oocyst wall biogenesis in these linoleic acid 20 supplemented cat cells by using the 3G4 antibody 11 that recognizes the T. gondii oocyst wall.
There were approximately 9 oocyst walls per cm 2 of cultured cat cells with supplemented with The dependence of T. gondii sexual development on high levels of linoleic acid was intriguing 5 because cats are the only mammal known to lack delta-6-desaturase activity in their small intestines 2, 3 . Delta-6-desaturase is the first and rate-limiting step for the conversion of linoleic acid to arachidonic acid. Linoleic acid is the dominant fatty acid in cat serum, comprising 25-46% of the total fatty acid [12] [13] [14] [15] , whereas rodents serum contains only 3-10% linoleic acid [16] [17] [18] [19] . We hypothesized that the lack of delta-6-desaturase activity in the cat small intestine allows for a 10 buildup of linoleic acid from the diet, which then acts as a positive signal for T. gondii sexual development. To test this hypothesis, we infected mouse intestinal monolayers with T. gondii and supplemented them with linoleic acid and the chemical SC26196, a specific inhibitor of the delta-6-desaturase enzyme, to establish high steady-state levels of linoleic acid 20 . Five days after infection of the mouse culture with T. gondii, we assessed merozoite markers BRP1 7 and 15 GRA11B 6 . We detected expression of GRA11B and BRP1 in mouse intestinal cells only when supplemented with both linoleic acid and SC26196 ( Fig. 4 ). These data suggest that the delta-6desaturase enzyme must be inhibited in order for high enough levels of exogenous linoleic acid Oocysts excreted in cat feces must undergo a sporulation process to become infectious to the next host. We attempted to sporulate the round structures containing oocyst wall antigen that 6 were derived from either cat or inhibited mouse cultured intestinal cells at room temperature with aerosolization for 7-14 days. Unfortunately, few structures were obtained from the monolayers, they did not appear to sporulate and they were not infectious to mice. We hypothesized that T.
gondii oocyst development and infectivity would require physiological conditions in a whole 5 animal that could not be recapitulated in tissue culture. To test this hypothesis, we inhibited delta-6-desaturase activity in the intestines of live mice. The delta-6-desaturase inhibitor SC26196 is effective as an anti-inflammatory agent in whole animal experiments 21 . Because it was previously seen that sporozoites shifted to the rapidly replicating asexual stage called a tachyzoite within eight hours after the oral inoculation into rats 22 , we fed the mice a linoleic acid-10 rich diet and pretreated them with the delta-6-desaturase inhibitor SC26196 (or a no-inhibitor control) 12 hours prior to oral infection with T. gondii and every 12 hours thereafter. In mice fed both the linoleic acid-rich diet and the SC26196 inhibitor, seven days after infection, qPCR of ileum cDNA showed high expression of the T. gondii merozoite marker GRA11B and low expression of the asexual tachyzoite stage marker SAG1 23 (Fig. 5a , Table S1 ). Ileum sections on 15 day seven postinfection were paraffin embedded and stained with hematoxylin & eosin or reticulin stain. Pre-sexual and early oocysts stages were present only in the tissue of mice fed linoleic acid and the delta-6-desaturase inhibitor (Fig. 5b , c).
As early as day six postinfection, oocyst-like structures showing 3G4 antibody-positive staining 20 were present in the mouse feces ( Fig. 5d ) and increased in number until day seven when the mice were sacrificed. qPCR on genomic DNA from mouse fecal samples showed that T. gondii genomic DNA was detectable only in mice treated with SC26196 ( Fig. 6a , Table S2 ), indicating that delta-6-desaturase must be inactivated in mice for T. gondii sexual stages to develop in the 7 mouse gut. Mice produced 1000-10,000 oocysts/gram dry feces. To increase the number and duration of oocysts shedding, mice were fed the SC2696 inhibitor every 12 hours only until day 5 postinfection. Oocysts were monitored in the feces with the peak of shedding being days 8-9
with between 100,000-150,000 oocysts/gram dry feces ( Fig. 6b ), which is within the range seen 5 for cats, 2000-1,500,000 oocysts/gram of feces 24, 25 .
T. gondii oocysts are susceptible to desiccation, making them unable to sporulate 26 . Therefore the mouse feces or the intestinal contents were immediately placed in saline and sporulated at room temperature with aerosolization. After seven days, sporulation was evident in approximately 10 50% of the oocysts by visualization of sporozoites, a deep blue autofluorescent wall 27 (Fig. 6c ),
and reactivity with the 4B6 antibody that recognizes the two individual sporocysts within the oocysts 11 (Fig. 6d ). The sporulated oocysts were infectious to mice as seen by serum conversion and cysts in the brains 28 days later ( Fig. 6e & S2 ). Similar to oocysts derived from a cat, these mouse-derived sporulated oocysts were stable and infectious for at least three months when 15 stored at 4°C.
All together, these results define the mechanism of species specificity for T. gondii sexual development and show that we can break the species barrier for T. gondii sexual development by inhibiting delta-6-desaturase activity in the intestines of a non-feline host. The lack of delta-6-20 desaturase activity and the build-up of linoleic acid likely enhance T. gondii sexual development in multiple ways. First, prior work suggests linoleic acid is cytotoxic for the asexual tachyzoite stage 28 , thus tachyzoite development would be halted in a linoleic rich environment. Second, inhibition of delta-6-desaturase likely lowers arachidonic acid levels, which would alter the 8 production of immune lipid mediators known as eicosanoids. Finally, and possibly most important, the dramatic difference between oleic acid with one double bond and linoleic acid with two, highlights that linoleic acid is probably used as a signaling molecule and not to meet basic nutritional needs. Quorum-sensing for sexual reproduction in fungi is dependent on 5 oxygenation of linoleic acid but not oleic acid 9 BMDG, SKW, JPD and LJK reviewed and edited the manuscript. 
Figure Legends

20
Intestinal monolayers and fatty acid supplementation: Monolayers were generated from intestinal organoids as described previously 33 . Briefly, established cat or mouse intestinal organoids were washed with cold PBS, digested by 0.05 % m/v trypsin for 5 min at 37 °C, 15 centrifuged at 250 x g for 3 minutes and resuspended in fresh pre-warmed organoid medium.
Cell suspension was added into a chamber slide (Thermo) pre-coated with Entactin-Collagen IV-Laminin (Corning) for cat cells or 2% m/v Gelatin in PBS (Sigma) for mouse cells. The slides were coated by air drying the basement membrane matrix or gelatin to air dry overnight. The 5 monolayers were grown for 10-15 days prior to infection with T. gondii bradyzoites, with media change every other day until cells reached 90% or more confluency. Linoleic acid or oleic acid conjugated to BSA (Sigma) was added to the organoid monolayers to 0.2 mM 24 hours prior to infection.
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Bradyzoite preparation and infection: C57BL/6J mice were oral gavage infected with 500-1000 ME49 oocysts from cat feces. At 28 days postinfection, brains were removed, washed in cold PBS and homogenized with a glass tissue grinder. The suspension was centrifuged at 400 x g for 10 minutes and the pellet suspended in 20% m/v Dextran (Average MW 150,000, Sigma).
Bradyzoite cysts were pelleted and separated from brain material by centrifugation at 2200 x g 15 for 10 minutes. The pellet was washed in PBS, digested by 0.1 mg/mL pepsin in HCl for 5 minutes at 37°, then neutralized with an equal volume 1% Sodium Carbonate (Sigma).
Bradyzoites were spun at 250 x g for 10 minutes, resuspended in pre-warmed organoid medium and added onto the organoid monolayers with a multiplicity of infection of 1 bradyzoite: 10 intestinal epithelial cells (MOI 1:10). The difference between the mean target gene copy numbers was analyzed by two-tailed unpaired t tests. The real-time PCR intestinal samples were run in triplicate from two biological replicates 20 per group. The difference between the mean relative expression of each target gene was analyzed by two-tailed unpaired t tests.
Oocyst sporulation and mouse infections: Fresh fecal samples were obtained from each 5 mouse, homogenized in PBS and then centrifuged at 1500 x g. The pellet was resuspended in PBS plus penicillin and streptomycin and the samples were shaken for 7 to 14 days at room temperature in presence of oxygen. Mice oocysts were stable for at least 3 months at 4°C. Naïve mice were infected with approximately 250 mouse oocysts through intraperitoneal injection.
Mice were humanely euthanized at day 28 postinfection, their brains removed, homogenized and 10 either incubated with biotinylated DBA 1:1000 or purified with 20% m/v Dextran as described above before DBA incubation. All cysts were then incubated with streptavidin-conjugated AlexaFluor-594 1:1000 and imaged on Zeiss Axioplan III equipped with a triple-pass (DAPI/fluorescein isothiocyanate [FITC]/Texas Red) emission cube, differential interference contrast optics, and a monochromatic Axiocam camera operated by Zen software (Zeiss) and 15 processed using ImageJ (Fiji packet).
